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Dedicated to August Bo¨ck on the occasion of his 70th birthday on 23.04.2007Abstract The Fe atom in the bimetallic active site of [NiFe]-
hydrogenases has one CO and two cyanide ligands. To determine
their metabolic origin, [NiFe]-hydrogenase-2 was isolated from
Escherichia coli grown in the presence of L-[ureido-13C]citrulline,
puriﬁed and analyzed by infrared spectroscopy. The spectra indi-
cate incorporation of 13C only into the cyanide ligands and not
into the CO, showing that cyanide and CO have diﬀerent meta-
bolic origins. After growth of E. coli in the presence of 13CO only
the CO ligand was labelled with 13C. Labelling did not result
from an exchange of the intrinsic CO ligand with the exogenous
CO.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Hydrogenases catalyse the reversible oxidation of dihydro-
gen and are enzymes with highly sophisticated [Fe]-, [FeFe]-
or [NiFe]-containing active sites. Despite the fact that the three
classes of hydrogenases are phylogenetically unrelated, they
have the unusual property in common that their active site iron
is co-ordinated by cyanide and/or CO ligands. These ligands
stabilise the Fe in a low oxidation and spin state (Fe2+ or
Fe0) which appears to be key to H2 activation. Studies of the
biosynthetic origin of these ligands have, until now, mainly
been restricted to the [NiFe]-hydrogenases of Escherichia coli
[1].
E. coli synthesises three membrane-associated [NiFe]-
hydrogenases (for review see [2]). Hydrogenase 1 (Hyd-1)
and Hyd-2 function in anaerobic hydrogen oxidation, while
Hyd-3 forms part of the multi-subunit formate hydrogenlyase
complex, which catalyzes H2 evolution during fermentation.
Only Hyd-1 and Hyd-2 have been characterised biochemically
[3,4].*Corresponding author.
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doi:10.1016/j.febslet.2007.06.028Recent work has identiﬁed six hyp genes, hypA-F (hyp for
hydrogen pleiotropy), involved in the biosynthesis of the active
site of the three [NiFe]-hydrogenases in E. coli [1,5,6]. In addi-
tion, E. coli mutants with lesions in the carAB operon, encod-
ing carbamoyl phosphate synthase, are devoid of hydrogenase
activity [7,8], indicating that carbamoyl phosphate is also nec-
essary for active site biosynthesis. A series of in vitro studies
carried out with the hypC, D, E and F gene products revealed
that HypE and HypF interact to generate from carbamoyl
phosphate a HypE-bound thiocyanate intermediate, which
was proposed to transfer the CN group, by an unknown
mechanism, to an Fe atom in the HypCD complex [9–11].
However, the cyanide transfer from the thiocyanate intermedi-
ate to iron until now could not be demonstrated and is only
deduced from the ﬁnding that deletions of carAB do not syn-
thesise active hydrogenase. Although, it was originally consid-
ered from these mutant studies that the CO ligand could also
be derived from carbamoyl phosphate [8], there are indications
from in vivo labelling studies of [NiFe]-hydrogenase from Allo-
chromatium vinosum with 13CO2 and
13C-acetate, which sug-
gest that CO might at least partially originate from a
diﬀerent metabolic source [12,13]. However, this remained to
be really demonstrated.
In this study we show by in vivo labelling with L-[ure-
ido-13C]citrulline and 13CO that in native, non-overproduced
Hyd-2 from E. coli only the cyanide ligands are derived from
carbamoyl phosphate and only the CO ligand is derived from
the exogenously supplied carbon monoxide, as revealed by
Fourier-transform infrared (FT-IR) spectroscopy. In the
accompanying paper by Lenz et al. the same labelling pattern
is reported for the H2-sensing [NiFe]-hydrogenase from Rals-
tonia eutropha, the genes hoxBC and hypABCDE for which
were heterologously overproduced in E. coli. Both reports to-
gether clearly indicate that in E. coli and R. eutropha the CO
and cyanide ligands in the [NiFe]-hydrogenases are of diﬀerent
metabolic origin.2. Materials and methods
2.1. Strain, media and growth conditions
E. coli cells were grown in 10 l fermenters under anaerobic condi-
tions at 37 C in Werkman minimal medium containing 0.4% (w/v)
glucose as sole carbon source [9]. The growth medium was supple-
mented with 3 lM thiamine hydrochloride and growth of the mutantation of European Biochemical Societies.
Fig. 1. FT-IR spectra of E. coli [NiFe]-hydrogenase-2: (A) enzyme
as-isolated from cells grown in the presence of natural abundance
L-citrulline; the bands with wavenumbers of 2092, 2083 and 2061 cm1
are attributed to the cyanide ligands and the bands with the
wavenumbers of 1955 and 1942 cm1 to the carbonyl ligand; (B)
enzyme as-isolated from cells grown in the presence of 2 lg
L-[ureido-13C]citrulline/ml. Only the cyanide bands were shifted upon
13C isotope labelling.
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pBargI [9], required the addition of 100 lg of arginine/ml and 50 lg
uracil/ml to the growth medium. For labelling studies cells were grown
in the presence of either 2 lg L-[ureido-13C]citrulline/ml (99% 13C,
from Cambridge Isotope Laboratories) or 2.5% 13CO (99% 13C, <5%
18O, from Sigma–Aldrich) in the gas phase. CO in the culture head-
space was determined using a SRI 8610C gas chromatograph [14].
2.2. Puriﬁcation of Hyd-2
Hyd-2 was puriﬁed from Dcar705AG/pBargI in an anaerobic glove
box in an atmosphere of 95% nitrogen/5% hydrogen using a procedure
slightly modiﬁed from that described previously [4]. To obtain a more
complete cleavage of hydrogenase-2 by trypsin (equivalent to 1% w/v
of the total protein), membranes were ﬁrst solubilised using dodecyl-
b-D-maltoside (15 mM, 4.5 mg detergent per mg protein) by incuba-
tion for 12 h at 4 C with gentle agitation. Solubilised membrane
proteins were loaded onto a DEAE sepharose column (5 cm · 12 cm)
equilibrated with 50 mM MOPS/NaOH of pH 7.0 containing 2 mM
dithiothreitol (DTT) (buﬀer A). Hyd-2 was eluted with 240 mM NaCl
in buﬀer A. Pooled, desalted fractions containing Hyd-2 were loaded
onto a Q sepharose HiLoad column (2.6 cm · 12 cm) equilibrated with
buﬀer A and the column was developed with a linear NaCl gradient
from 50 to 300 mM (500 ml). Hyd-2 was recovered in the fractions
eluting between 170 and 210 mM NaCl. Pooled, desalted and concen-
trated fractions were loaded onto a hydroxyapatite column
(1 cm · 12 cm), equilibrated with H2O containing 2 mM DTT and
the column was developed with a linear gradient of 0–200 mM potas-
sium phosphate of pH 7.0. Hyd-2 was recovered in the fractions eluting
between 37.5 and 70 mM potassium phosphate. Pooled fractions were
concentrated (0.4 mM) by ultraﬁltration (Amicon Ultra-4 and
Microcon centrifugal ﬁlter devices, cut-oﬀ 50 kDa), in buﬀer A and
either used immediately or stored under an atmosphere of 5% H2/
95% N2 or under 100% N2 at 4 C or 20 C.
2.3. Determination of hydrogenase enzyme activity
Hydrogenase activity was determined by following the reduction of
benzyl viologen (4 mM) with H2 (100%) in 50 mM MOPS/NaOH of
pH 7.0 at 37 C under anoxic conditions [15].2.4. FT-IR spectroscopy
Infrared spectroscopy: absorbance spectra were obtained from pro-
tein ﬁlms on BaF2 windows using a Bruker IFS 28 instrument. Ten
times 256 scans at a resolution of 4 cm1 were averaged. The baseline
drift was corrected for in the interest of clarity.3. Results
Synthesis of the active-site ligands in [NiFe]-hydrogenases
has mainly been studied in E. coli. Therefore, we felt it was
important to investigate the synthesis of the CO-ligand to iron
in [NiFe]-hydrogenases in this organism. Unfortunately, all
three hydrogenases in E. coli are membrane-bound and very
diﬃcult to purify. The easiest to purify is Hyd-2, which can
be released from the membrane in a soluble, active form by
treatment with trypsin [4,16]; however, the enzyme is obtained
in only low yields. This explains why the signal-to-noise ratio
in the FTIR spectra shown for Hyd-2 in Figs. 1 and 2 is rela-
tively low. However, it was possible for the ﬁrst time to iden-
tify cyanide and CO absorption bands for a hydrogenase
isolated from E. coli.3.1. Speciﬁc incorporation of 13C from l-[ureido-13C]citrulline
into the cyanide ligands to iron in Hyd-2
Citrulline can be used as a source of carbamoyl phosphate
in vivo. To exclude carbamoyl phosphate synthesis from
CO2, we used the strain DCar705AG/pBargI, a mutant devoid
of carAB, argG and hycE (large subunit of Hyd-3) [9]. TheE. coli strain was grown in the presence of either L-citrulline
(12C at natural abundance) or L-[ureido-13C]citrulline. Hyd-2
was enriched from 30 g cells as a soluble fragment with a yield
of 0.5–1 mg protein and a speciﬁc activity of approximately
6 U/mg, the purity of Hyd-2 ranging from 60% to 95%. Wes-
tern blot analysis of enzyme preparations using antisera spe-
ciﬁc to either Hyd-1 or Hyd-2 revealed that enzyme
preparations contained minor amounts of Hyd-1 (data not
shown). To reduce the background absorption caused by water
vapour, protein suspensions were brieﬂy air-dried onto a BaF2
window prior to measurement of the infrared spectra. The two
broad bands (at 2100–2000 and 2000–1950 cm1) in the spec-
tra (Fig. 1) have yet to be assigned. They were observed in
all preparations with varying intensity. Of importance is that
these bands did not shift when the enzyme was labelled
in vivo with either 13CO or L-[ureido-13C]citrulline.
Hyd-2 isolated from cells grown with L-[ureido-12C]citrulline
showed three bands at 2092, 2083 and 2061 cm1 in the region
characteristic for the CN stretching vibrational modes, while in
the region characteristic for the CO vibrational modes, two
bands at 1955 and 1942 cm1 were observed (Fig. 1, trace
A). The ﬁndings of three rather than two absorption bands
in the cyanide region and of two rather than one band in the
CO region can be explained. Previous studies performed with
[NiFe]-hydrogenases from Desulfovibrio vulgaris and A. vino-
sum have shown that the cyanide and CO absorption bands
appear or disappear either as a function of the applied poten-
tial [17–19] or upon changing the hydrogen concentration [20].
An IR spectrum with three absorption bands is observed only
for a pure, active-site redox state. It is likely, therefore, that for
Hyd-2 the ‘additional’ bands represent mixed redox species of
the enzyme. In this respect it is noted that the anaerobic atmo-
sphere used for enzyme puriﬁcation included 5% hydrogen and
Fig. 2. FT-IR spectra of E. coli [NiFe]-hydrogenase-2 enlarged in the
region characteristic for the CO bands (see Fig. 1). The inset shows the
spectral region characteristic for the CN bands for the same
preparations: (A) enzyme as-isolated from cells grown with 100% N2
in the gas phase; (B) as (A), followed by incubation of the enzyme
under 100% 13CO for 2 h at 4 C and subsequent replacement of the
gas phase by 100% N2; (C) enzyme as-isolated from cells grown in the
presence of 2.5% 13CO in the gas phase. A shift in the CO band upon
13C isotope labelling was observed. Note that the amount of enzyme
isolated from these cells was low and this contributed to the lower
signal intensity.
L. Forzi et al. / FEBS Letters 581 (2007) 3317–3321 3319that the enzyme was brieﬂy air-dried prior to analysis by FT-
IR spectroscopy [17].
The infrared spectrum of Hyd-2 isolated from E. coli cells
grown in the presence of L-[ureido-13C]citrulline also revealed
ﬁve absorption bands (Fig. 1, trace B). Whereas the two bands
attributable to CO appeared at similar positions when com-
pared with the unlabelled sample (Fig. 1, trace A), the cyanide
bands shifted characteristically upon 13C-isotope labelling by
more than 40 wavenumbers to 2050, 2034 and 2019 cm1.
Moreover, no new bands were detected in the 1920–
1870 cm1 region of the spectrum, indicating that the 13C label
was not partially incorporated into the CO ligands (data not
shown). The exclusive enrichment of the cyanide ligands with
13C indicates that only the cyanide ligands and not the CO li-
gand to iron in [NiFe]-hydrogenases from E. coli are derived
from carbamoyl phosphate. The result also directly demon-
strates that the ureido carbon of citrulline ends up in the cya-
nide ligands, which was previously only deduced from
biochemical and genetic studies [13].
In Fig. 1B a fourth band at just over 2000 wavenumbers is
seen. Depending on the enzyme preparation, this fourth peak
varies in intensity and is also observed as a weak shoulder inspectrum A. The nature of this band is unknown but does
not bear on our ﬁndings that the three cyanide bands are
shifted to lower wavenumbers upon in vivo labelling with
L-[ureido-13C]citrulline.
3.2. Speciﬁc incorporation of 13C from 13CO into the CO ligand
to iron in Hyd-2
In an attempt to elucidate the metabolic origin of the CO li-
gand to iron in the active site of Hyd-2, E. coli strain DCar705-
AG/pBargI was grown in the presence of 2.5% 13CO/97.5% N2.
Gas chromatographic analysis of the head-space in the fermen-
ter showed that the CO concentration remained essentially
constant during growth indicating that CO was neither con-
sumed nor formed in detectable amounts. (Also no CO was
found in the headspace of fermenters with E. coli growing un-
der 100% N2). Hyd-2 isolated from cells grown in the presence
of 13CO revealed an infrared spectrum with absorption bands
at 1912 and 1894 cm1 (Fig. 2, trace C), which are character-
istic for m(13CO) bands. The m(CN) bands were not shifted
(Fig. 2, inset), nor were bands detectable in the 2050–
2000 cm1 region of the spectrum, indicating that 13C label
was not partially introduced into the CN ligands (data not
shown). These ﬁndings indicate that in E. coli the CO ligand
in the active site of Hyd-2 can be generated from exogenously
supplied carbon monoxide and that the cyanide ligands can-
not.
Hydrogenase 2 is reversibly inhibited by CO [4], which likely
binds to Ni in the active site. It therefore had to be considered
that the observed labelling of the CO ligand to iron by 13CO
could have occurred by ligand exchange rather than by ligand
incorporation. This is not supported by the ﬁnding that after
incubation of puriﬁed Hyd-2 (isolated from unlabelled cells
grown under 100% N2) in an atmosphere of 100%
13CO
(105 Pa) at 4 C for 2 h followed by replacing the 13CO atmo-
sphere with N2 to remove the CO previously bound to the
hydrogenase, the two bands in the FT-IR spectrum attributed
to the intrinsic CO were not shifted (Fig. 2, trace B). Consis-
tent with this observation are previous studies demonstrating
that the CO ligand to iron in [NiFe]-hydrogenases from
A. vinosum does not exchange with free CO [21,12].4. Discussion
The ﬁndings presented in this study show the ﬁrst FT-IR
analysis of a [NiFe]-hydrogenase from E. coli and clearly dem-
onstrate that the CO ligand to iron in Hyd-2 does not derive
from carbamoyl phosphate, which was conﬁrmed to be the
metabolic precursor of the cyanide ligands. Rather, carbon
monoxide provided exogenously could be speciﬁcally fed into
the metabolic pathway of CO ligand synthesis. The latter result
does not necessarily indicate that E. coli can synthesize free
carbon monoxide, or that free carbon monoxide is an interme-
diate in CO ligand biosynthesis, but it does show that free CO,
when present at a concentration of 2.5%, can be incorporated
in vivo by E. coli into the active site of its [NiFe]-hydrogenases.
What could be the metabolic precursor of CO in E. coli?
Although E. coli encodes an enzyme with some similarity to
Ni-dependent CO dehydrogenases, which catalyze the revers-
ible reduction of CO2 to CO, mutation of the gene had no ef-
fect on hydrogenase biosynthesis [13]. E. coli does not have a
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catalyzes the reversible formation of CO, a bound methanol
and CoA from acetyl-CoA. It does, however, harbour a gene
with sequence similarity to molybdenum–copper-dependent
CO dehydrogenase. However, molybdenum–copper-depen-
dent CO dehydrogenases are known to catalyze the irreversible
oxidation of CO to CO2 and not the reverse reaction. E. coli
does contain a heme oxygenase, which generates 1 mol of
CO for every mol of heme cleaved. But this is an aerobic reac-
tion and therefore cannot take place under the strictly anaero-
bic conditions required for [NiFe]-hydrogenase synthesis in
E. coli.
Formate, which in E. coli is formed from pyruvate via pyru-
vate formate lyase, can theoretically be excluded as the direct
precursor of CO since the formation of CO from formate is
an endergonic reaction (DG 0 = +20 kJ/mol). However, the for-
mation of CO from an activated formate such as N10-formyl-
tetrahydrofolate, formyl-CoA or formyl-phosphate is
thermodynamically favourable. Although, there is no evidence
that E. coli can synthesize formyl-CoA there is evidence that
the organism can synthesize formyl-phosphate and N10-for-
myltetrahydrofolate. Formyl-phosphate has been proposed
as an intermediate in the catalytic reaction of glycinamide ribo-
nucleotide transformylase [22] and N10-formyltetrahydrofolate
is known to be the precursor of C2 and C8 of purines and the
formyl group of N-formylmethionine. N10-Formyltetrahydro-
folate is presently considered as the most attractive precursor
of the CO ligand to iron in [NiFe]-hydrogenases.
In E. coli N10-formyltetrahydrofolate is generated from
serine or glycine via methylenetetrahydrofolate and methenyl-
tetrahydrofolate as intermediates [23]. In other organisms
N10-formyltetrahydrofolate can also be synthesized from for-
mate, ATP and tetrahydrofolate via formyltetrahydrofolate
synthetase, an enzyme which is lacking in E. coli. Unfortu-
nately, preliminary labelling experiments with [3-13C]serine
were not conclusive due to the rapid metabolism of serine
by E. coli (L. Forzi and R.G. Sawers unpublished results).
Glycine, from which N10-formyltetrahydrofolate also can be
generated, was excluded as an obligate precursor by showing
that a gcvP (gene for the glycine cleavage enzyme) mutant of
E. coli still produces hydrogen gas (L. Forzi and R.G. Sawers
unpublished results). Glycine has been proposed as the direct
metabolic precursor for both the cyanide and CO ligands to
[FeFe]-hydrogenases [24].
One problem with the detection of the biosynthetic precur-
sor of the CO ligand to iron in [NiFe]-hydrogenases in
E. coli is that the organism contains only very low concentra-
tions of [NiFe]-hydrogenases, probably less than 10 nmol per g
cells (dried mass) [25]. Thus less than 10 nmol of CO are re-
quired for the synthesis of the three [NiFe]-hydrogenases.
If the CO is more rapidly bound than formed, its formation
in growing cultures is very diﬃcult to detect. Thus, our ﬁnd-
ing that no CO was found in the headspace of fermenters
with E. coli growing under 100% N2, does not exclude CO
formation.
Clearly, one of the key questions raised by this study is
whether free CO is an intermediate in the synthesis of the
CO ligand to iron in [NiFe]-hydrogenases and where on the
route to metal centre assembly carbon monoxide enters and
how it becomes incorporated. One possible convergence point
of CO, formyl-P or N10-formyl-tetrahydrofolate on the biosyn-
thetic pathway of CO ligand synthesis could be the [4Fe–4S]-cluster of the HypD protein, which has been reported to have
an unusually low redox potential and an uncoordinated iron
site (reported in [13]). Stable isotope-labelling studies in vivo
and in vitro approaches using puriﬁed components will be nec-
essary to elucidate this metabolic pathway.
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